The Cryogenic Underground Observatory for Rare Events (CUORE) experiment at Gran Sasso National Laboratory of INFN searches for neutrinoless double beta decay using TeO2 crystals as cryogenic bolometers. The sensitivity of the measurement heavily depends on the energy resolution of the detector, therefore the success of the experiment stands on the capability to provide an extremely low noise environment. One of the most relevant sources of noise are the mechanical vibrations induced by the five Pulse Tube cryocoolers used on the cryogenic system which houses the detectors. To address this problem, we developed a system to control the relative phases of the pulse tube pressure oscillations, in order to achieve coherent superposition of the mechanical vibrations transmitted to the detectors. In the following, we describe this method and report on the results in applying it to the CUORE system.
I. INTRODUCTION
In the last two decades rare event searches have sharply accelerated. The determination of the nature of the neutrino and the search for dark matter are crucial for our understanding of new physics beyond both the well established Standard Model of particle physics [1] and the Lambda Cold Dark Matter cosmological model [2] . Although the experimental techniques substantially differ, these searches share the common need for large mass detectors. Indeed the only way to maximize the probability of detection is to increase the number of source/target nuclei that are under investigation.
Among the available detection techniques, the bolometric approach offers an intrinsically high energy resolution, but suffers from a limited scalability to high masses due to cryogenic constraints. In order to provide the necessary cooling power at millikelvin temperatures for a ton-scale detector, a custom cryogenic apparatus exploiting dilution refrigeration is needed. The dilution process requires a 4 K environment which can be maintained by using either a liquid He (LHe) bath or mechanical cryocoolers, such as Pulse Tubes (PTs) [3] . Although the use LHe has proved to be a limiting factor in the scalability of cryogenic experiments -both in terms of cost and duty cycle -in past years it has been preferred over the cryogen-free approach due to burden of mechanical vibrations caused by cryocoolers.
In the following we describe an innovative technique which has been developed for the CUORE experiment to drastically suppress the noise induced by the PTs. The implementation of this technique will ease the development of large cryogen-free systems for future rare events searches. First, we introduce the CUORE experiment (II) and its PT cryocoolers (III). Next, we illustrate the technique developed (IV) and describe the analysis method (V). Finally, we report the results obtained for the CUORE system (VI).
II. THE CUORE CHALLENGE
CUORE is a ton-scale experiment that searches for neutrinoless double beta decay of 130 Te (0νββ, [4] ). This is accomplished using TeO 2 crystals operating as cryogenic bolometers with a total mass of 742 kg (∼ 206 kg of 130 Te). The detector consists of 988 crystals arranged into 19 identical structures called "towers". Each tower hosts 52 bolometers arranged in 13 floors.
The CUORE cryostat has been designed to house this ton-scale detector and to maintain it at about 10 mK continuously for 5 to 10 years. To face this unprecedented challenge, a large custom cryogen-free cryostat has been designed [5] . Five PT cryocoolers cool down to 35 K and 3.5 K respectively 980 kg and 7400 kg of material, mainly copper plates and vessels and 210 Pb-depleted archaeolog- The positions of the five PTs and of the Dilution Unit (DU) are highlighted. PT (3) is not powered during data taking. Colors refer to optimal phase configuration commented in sec. VI: PT (4) and PT (2) are in phase opposition (red) with respect to the reference PT (5) (green), while PT (1) is in quadrature (orange) with respect to PT (2) .
ical lead shielding [6] . A high-power (3 µW at 12 mK) 3 He/
4
He Dilution Unit (DU) then provides cooling power to cool to around 10 mK the 1519 kg of the detector structure with its shielding vessel -mostly copper and TeO 2 crystals.
In order to minimize the detector noise, the entire experimental volume -about one cubic meter -must be kept in optimal and stable experimental conditions, which means in an exceptionally low radioactive background and a low mechanical vibration environment. To address the former requirement, all the materials used in CUORE meet strict radio-purity criteria and underwent different types of cleaning procedures ( [7] and references therein). To cope with the latter requirement, a special suspension has been designed to mechanically decouple the detector structure from the rest of the cryostat. The suspension insulator has been custom designed from Minus-K technology and acts as a mechanical low pass filter for vibrations, with a cut-off frequency of about 0.5 Hz in both the vertical and horizontal directions [8] . Moreover, the whole CUORE infrastructure itself has been designed to be isolated from external sources of vibrations by means of four elastomeric dampers.
III. THE CUORE PTS
A Pulse Tube is a cryocooler whose cooling power is provided by means of 4 He gas isoenthalpic expansions.
The cooling effect relies on a periodic variation of the pressure inside one or more thin-walled tubes -the actual "Pulse Tubes" -containing a large heat capacity regenerator and with heat exchangers at both ends [9] . The pressure cycles are provided by a rotary valve inside the PT motor-head at room temperature. This valve makes 0.7 revolutions per second and alternatively connects the PT to the high-pressure and low-pressure side of a compressor. This results in pressure waves with a frequency that depends on the PT model and which is 1.4 Hz for the CUORE PTs.
In cryogenic systems such as the ones used for rare event searches, PT cooling is becoming more popular compared to LHe bath -even with the support of systems to reduce boil-off or for in-situ reliquefaction -for several reasons, which include cost, reliability, stability, duty cycle, and safety.
The downside of mechanical cryocoolers is normally the production of mechanical vibration inside the experimental apparatus. With PTs the absence of moving parts at low temperature increases the reliability and strongly reduces the magnetic interference and the intensity of vibrations generated during operation with respect to other cryocoolers, such as piston-based GiffordMcMahon heads. Small residual mechanical vibrations still occur in a PT due to the elastic deformation caused by pressure oscillations in the He gas inside them.
All these features make the PTs suitable for cooling sensitive devices like the low temperature detectors used for CUORE, but care must be taken to minimize the impact of their residual mechanical vibrations.
The large number of PTs installed in CUORE cryogenic system is determined by the significant heat load in this large system which derives from thermal radiation, conduction along mechanical supports, nearly 3000 electrical wires, and 3 He circulation for the dilution unit. To provide the needed cooling power in all foreseeable running conditions -with a safe margin -CUORE mounts five PT415-RM by Cryomech [10] . For CUORE, the Remote Motor option flexline is longer than the standard RM product offered by Cryomech (2 ft long instead of 1 ft). This solution offers a more efficient mechanical decoupling at the cost of a ∼ 10% reduction in the cooling power with respect to the standard PT415-RM model. With this feature, the nominal cooling power of each PT is 1.2 W at 4.2 K and 32 W at 45 K each, while the lowest temperature achievable is close to 3 K with no thermal load [11] . With these performances, the cooling power provided by no more than 4 PTs is sufficient to operate the CUORE dilution unit with the maximum cooling power. The fifth PT is therefore kept as a spare. The CUORE PTs are arranged (see Fig. 1 .) on a circumference with a radius of ∼ 2/3 of the top cryostat plate (300 K plate) in a non symmetric way. PT (1) and PT (5) are the most critical as the DU condensing lines (which carries the 3 He/ 4 He gas from room temperature to the DU) are thermalized on them. When running the cryostat with only four PTs, any other of the three PTs can be switched off. We keep PT (4) and PT (2) active for this analysis.
A. Vibration noise
The effect of mechanical vibration on the CUORE detectors is two-fold: electrical and thermal. The coupling of vibrations to the signal wires, which run from the detectors to the room temperature connectors, causes noise due to parasitic capacitance (∼500 pF/m) combined with the high impedance of the detector thermal sensors (order 200 MΩ). Despite a differential read-out scheme [12] , these cause an electrical microphonic noise pickup which can diminish the S/N of the detectors.
Mechanical vibration transmitted by the PT head to the 300 K flange and from the two cold stages of the PT to the 40 K and 4 K flanges, can propagate to the coldest parts of the system generating an excess heat load. The most affected parts are the DU stage with the lowest cooling power, i.e. the Mixing Chamber, and the weakly thermally coupled TeO 2 crystals.
B. Vibration control
Vibrations induced on the coldest stages of cryogenfree cryostats are certainly a well known problem to those operating dry dilution refrigerators. In order to mitigate the vibrations induced by the PT cryocoolers, several passive solutions have been proposed to date [13] . In CUORE, a series of passive "standard" counter measures are enacted to minimize the vibrational noise due to coupling from the PTs into the detector system.
PTs generate mechanical vibrations mainly in 3 ways. The first source of vibration is the only moving part of these devices: the rotary valve. The valve is moved by a DC stepper motor to which is mechanically coupled. The motor in turn is driven at the selected rotation speed by a microstepping driver embedded in the CP1010 Cryomech compressor. The gas pulsation generated by the motor and valve rotation is the source of vibration at 1.4 Hz and related harmonics. Several studies have shown how decoupling the PT heads and rotary valves from the dilution refrigerators are essential for reducing noise vibrations [14] . Such a solution has been adopted for each CUORE PT, whose rotary valve is separated from its head by means of a flexible Stainless steel line (1/2" ID, 2ft long) (see Fig. 2 ). In the following, they will be referred to as "motor-head flexlines". A combination of custom made rigid lines and commercial flexlines connects the compressor to its respective motor-head. In the following, they will be referred to as "compressor flexlines". They provide the standard high-pressure side and low-pressure side of the helium that reaches the motorheads, and their path carefully avoids any contact with the cryostat. The gas high/low pressure compressor lines, the rotary valves, and the buffer volumes are suspended from the room ceiling by means of elastic bands to further absorb the vibrations. For the same reason, a swan-neck geometry is adopted for the motor-head flexlines.
The other vibration sources are related to the He pressure waves. These cause 1) periodic stress forces between the rotary valve and the PT head, and 2) periodic elastic deformations of the two coupled thin walled tubes of the two cooling stages. The resulting effects of this pressure wave are a periodic force applied to the mounting point at room temperature and a dynamic displacement of the cold stages. For example Cryomech has measured the 2nd stage maximum displacement to be around 10 µm and 20 µm in the horizontal plane and in the vertical direction, respectively 1 . The horizontal displacement is almost circular because of the asymmetric designs of the PT.
The PTs are mounted on the 300K flange of the cryostat by means of a sliding-seal arrangement. To reduce the vibration transmission to the cryostat flange through the mechanical coupling, leak tightness is provided by a specially selected soft o-ring. To further absorb and dissipate the mounting forces, a Polyurethane (PUR) disk is sandwiched between the PT head and the cryostat flange. In the innermost portion of the cryostat, the PT cold stages inject vibrations through their unavoidable thermal links to the 40 K and 4 K flanges. These thermal links have been designed to minimize the mechanical coupling while providing a strong enough thermal path. They are made by soft ETP 5649/71 copper braids with their ends TIG welded to copper blocks bolted on the PT stages and on the cryostat flanges. The copper braid is made up of several 0.07 mm thin copper wires braided into tubes with a total effective cross section of 20 mm 2 . The thermal links are designed with the aim to keep the thermal gradients between the PT stages and the cryostat flanges smaller than about 5%. The thermal links for the two PT stages (Fig. 3 ) use 40 braids 63 mm long and 36 braids 60 mm long to provide thermal conductions of about 20 W/K at 40 K and 7.5 W/K at 4 K, respectively.
IV. ACTIVE NOISE CANCELLATION
Despite of all the precautions taken to ensure a quiet environment for the detectors, the combined simultaneous operation of several PTs at the same 1.4 Hz frequency has the potential to disrupt the detector performance. A non-negligible fraction of vibrational noise at the main frequency and its harmonics leaks down to the coldest part of the cryogenic system. The observed effects are mostly on the temperature of the Mixing Chamber (MC) and on the microphonic noise picked up by the read-out wires. Thanks to the effectiveness of the suspension system, the thermal impact on the detectors should be suppressed. Nonetheless, a non-negligible portion of the mechanical energy carried by the oscillations still reaches the detector. The work presented in this paper outlines a novel active vibration reduction designed for multiple PT cryocoolers in a dry dilution refrigerator setup.
The technique that we propose has the purpose to control the relative phases of the CUORE PTs in order to find the configuration that maximizes the noise cancellation leveraging the interference between the noise sources. Given the complexity and the asymmetry of the system (see Fig. 1 ), the optimal configuration has been obtained scanning a large number of possible phase configurations to achieve the lowest detector noise. This aim 1 From Cryomech private communications.
has been accomplished in two steps. First, the Cryomech stepper motor drives for the rotary valve have been replaced by new low-noise, linear stepper motor drives in order to have more precise and stable motion control. Second, a complete scan of the relative phases among the four active PTs has been performed to identify the noise minima and tune the system to the most convenient one. The noise level on the coldest stage of the cryostat has been evaluated by acquiring the noise power spectra on the CUORE detector itself, with each of the 988 crystals operated as a cryogenic bolometer. On each bolometer, the noise is measured via a Ge-NTD directly glued on the surface of the crystal. This in turn provides us with 988 noise readings. For a detailed description of the CUORE bolometers refer to [7] .
A. Vibrational Beats
Due to the fact that the driving frequencies of the PTs are not exactly the same, their relative phases and the interference pattern from vibrations will vary with time.
Beats will be generated between any pair of slightly different PT working frequencies, f and f + ∆f . The main frequency, f mod = f + ∆f /2 shows up with the amplitude 2 cos 2πf beat , which is modulated by the beat frequency
Here ∆f can represent the intrinsic inaccuracy in writing the PT frequency.
B. Linear Drive
The PT415-RM rotary valve is normally driven by a board embedded in the Cryomech compressor which is not optimized for low noise operation and which is not ready for user remote control. CUORE instead uses a LNX Linear Series low-noise drive from Precision Motion Control. It is a stepper motor device with a linear amplifier for the output stage, that we will refer to as Linear Drive (LD) in the following. It is intended for micro-stepping precision and customized linear and rotary motion solutions where motor vibrations must be minimized. This is achieved by smoothing the rotation of the PT valve, dividing the 360
• angle into 25600 possible positions (step numbers). Besides allowing precise control of the rotation frequency, the LD also reduces the vibrations produced by the rotary valve. The frequency control is an essential feature in order to be able to modify the relative phases of the pressure waves generated by the rotary valves. To measure and monitor these phases, all the low-pressure sides of the compressor flexlines have been equipped with pressure sensors, which are digitized and sampled at 2 kHz.
In CUORE, each PT rotary valve is controlled by its own LD. We will see in the following that, despite a lower precision in writing the working frequency, the LDs are much less noisy with respect to the Cryomech drives.
Intrinsic accuracy
The intrinsic accuracy of the LD is ± 5 arcmin. Since we have 25600 step/rev and 21600 arcmin/rev, the accuracy corresponds to ± 5.926 steps. We operate the LD at the velocity of 0.7 rev/sec, which means 55.8 µs/step. At this velocity, the LD accuracy in determining the period of the rotations is ∆T = ± 330.69 µs. The expected beat frequency f beat will be of the order of ∆T evaluated at T = (1.4 Hz) −1 :
Driving the rotary valves with LD
The replacement of the Cryomech drives with the LDs was implemented only after the CUORE cryostat had reached the base temperature and is shown in Fig. 4 . Looking at the Power Spectrum (PS) of the temperature fluctuations of the MC as measured by the noise thermometer on the plate (Fig. 5) , an improvement is immediately visible in the noise and stability of the base temperature.
When using Cryomech drives, the MC base tempera- The data have been taken at different temperatures due to 0νββ data taking constraints. The noise has been computed by averaging several 25-hour windows. This shows that the main peak in the blue spectrum at ∼45 µHz is due to the 6.2 hours period oscillation in Fig. 4 before switching the rotary valve feeding to LDs. A similar spectrum has been measured after switching to LDs, without (red) and with (green) PT-phase stabilization. This method strongly attenuates the low frequency peaks and reduce the overall RMS.
ture as measured by a noise thermometer 2 clearly shows oscillations due to the beating effect from the periodic vibrations of the four PTs, each of which has a slightly different working frequency. The most evident beating shows a period of the order of 6.2 hours, corresponding to f beat ∼ 45 µHz with a noise level of ∼ 400 mK 2 /Hz. Since this is the highest visible f beat in the noise thermometer PS, and it corresponds to ∆f ∼ 90 µHz, we can state that using the Cryomech drives the working frequencies of the PTs are the same within less than 1 part per 10000.
When the PTs are fed by the LDs, the beat frequencies are shifted to higher values. We do see beat frequencies consistent with what expected from Eq. 2, around 300 µHz and 340 µHz , with an amplitude that does not exceed ∼ 20 mK 2 /Hz. The greatest ∆f observed is 680 µHz, then we can state that using the LD the working frequencies of the PTs are the same within less than 1 part per 1000.
Effects and improvements
The base temperature PS analysis leads to three conclusions:
• switching from Cryomech drives to LD does not change the PT working frequencies by more than 1 part per 1000;
• considering the observed f beat , the LD is ∼10 times less precise with respect to the Cryomech drive in writing the PT working frequencies;
• considering the amplitude of the beating peaks, the LD is ∼4 times less noisy with respect to the Cryomech drive.
As a consequence, we can safely state that the pressure differential between high and low PT inlet should be the same (within 1 part per 1000) after switching from Cryomech drives to LD. Given that the amplitude of the 1.4 Hz oscillation should be proportional to the pressure differential, this means that the vibration level should not change after switching. Any noise improvement obtained with LD does not depend on the pressure differential change, which is negligible. The noise level reduction after switching to LD is then due to the reduced vibrations induced on the motor/rotary valve assembly by the LD, since it offers an high level of stepper discretization dividing the 360
• angle into 25600 steps. When using the LD, the intrinsic noise generated by the valve stepping motor rotation is appreciably reduced. From Fig. 5 , it is clearly visible that LD usage suppresses the beating frequency power amplitude by more than an order of magnitude. Moreover, the overall RMS is reduced by more than 20%, going from 0.118 mK to 0.092 mK. The reduction of the vibration level has a positive effect on the average MC temperature, decreasing from 9.462 mK to 9.407 mK.
The great improvement seen with the LD, in terms of lower amplitude vibrations, is achieved at the cost of reduced precision in writing the PT working frequency which results in higher beat frequencies. Nonetheless this residual effect is completely washed out by the "stabilization" algorithm, which is presented in next section.
C. Driving the relative phases
Since the detector noise varies with time as the PT relative phases drift, it is plausible that minima of the noise can be obtained for some configuration of the relative phases of the PTs. Finding this configuration and maintaining it would have the double effect of minimizing the noise while making it stable in time.
To prove the feasibility of this approach to active noise cancellation, one needs to show first that it is possible to reproduce a specific relative phase configuration, second that it is possible to identify the most favorable one for noise reduction, and third that the selected phase configuration can be kept constant in time.
Thanks to the capability of controlling its working frequency, the LD enables three crucial operations: identify a phase configuration (calibration); move between two different phase configurations (control) and stabilize a given PT phase configuration in time (stabilization). These three operations are carried out by a real-time custom software as described in the following.
Calibration
A software routine acquires the pressure sensors readings on the compressor low-pressure inlet flexlines of the four active PTs. The periodic pressure signals are sampled at 1 kHz into 5-seconds windows, then a dedicated function calculates the phase shifts with respect to a reference PT, namely PT (5) , applying a cross-correlation algorithm. At the same time, another routine acquires the position of the rotary valves in terms of number of steps issued by the LD. The step number is then linearly mapped to a phase shift. After this conversion -which we refer to as "calibration" -the rotary valves can be driven directly by specifying a phase offset relative to the reference PT.
Control
In order to move between two different phase configurations, we implement a PT phase control tool. This algorithm calculates the difference between the current and the desired phase configuration. Then, it applies to each involved PT, a single, small correction (acceleration or deceleration) to desynchronize the current frequencies until they reach the desired phase shifts. The algorithm is designed to never apply to the rotary valves corrections that exceed 80 mHz, so that the PT working frequency always remains between (1.32, 1.48) Hz during the control transient. This means that each phase change could take from hundreds of milliseconds to several seconds, depending on the difference between the initial and final configurations.
Stabilization
Driving the rotary valves by LDs still does not guarantee the working frequencies of different PTs to be exactly 1.4 Hz. In order to maintain the selected phase configuration constant in time, we adopt a PT phase stabilization tool that acts as a feedback system. This algorithm applies a series of small corrections (small accelerations or decelerations) to synchronize the working frequency of the selected PT to the one of the reference PT. The corrections on the rotary valve frequency never exceed 20 mHz, in order to smoothly tune the selected phase configuration.
Through this procedure we are guaranteed to maintain a selected phase configuration. Fig. 5 shows the effect of the LD without (red) and with phase stabilization (green) on the PS of the MC temperature fluctuations of without and with stabilization, respectively. The uncertainty on the MC heater is negligible 3 , therefore the RMS calculated in Eq. 3 describes the MC temperature fluctuations due to PT mechanical vibration noise. Since the error on the MC temperature scales as T −1 [9] , we can extrapolate the RMS without stabilization at 11 mK to be 0.073 mK. The stabilization procedure then reduces the fluctuations of the MC temperature by ∼14%.
D. Phase scan
We can choose any phase configuration (via calibration and control) and make it constant in time (via stabilization). We now have the necessary tools to study different phase configurations searching for the best one.
We implemented an algorithm that automatically scans all the possible phase configurations with a given level of discretization in the parameter space. The software used is a Labview based control interface. It is able to adjust the various PT phase configurations and freeze the system on each of them for a given time, in order to allow the CUORE Data AcQuisition System (DAQ) to acquire the corresponding noise induced on the detector.
Process
There are four active PTs, namely PT (1) , PT (2) , PT (4) and PT (5) . The last of them acts as a reference for the other's phase calculation. We break each of the three phase shift variables (denoted by
) into steps of 20
• , resulting in n p = 18 3 =5832 possible phase configurations. These are mapped to a scalar running from 0 to 5831, called PhaseID (ph), through the following base-18 positional notation:
·18
2 (4) For example, PhaseID ph = 3038 corresponds to the phase configuration (100
• , -60
• ). The scan keeps the system on a constant phase configuration for a given time t, taking 5-second detector noise waveforms consecutively. We then move to another phase configuration and repeat the process (Fig.  6) . The noise waveforms are simultaneously acquired on all the 988 CUORE bolometers. A synchronous digital signal is used to associate a well defined PhaseID to each waveform acquired by the DAQ system. Only waveforms which entirely fit within the same phase configuration are labeled as good waveforms and are associated to a valid PhaseID.
Scanning time
A full scan can be performed in a time given by 15 Hz. The first ten 1.4 Hz peak harmonics are shown while using the stabilization algorithm for a non-optimized (black) high-noise PT phase configuration. The reduction of the amplitude of the lower harmonics is clearly visible after phase optimization (red, refer to Sec. V B), which keeps the detector in a low-noise phase configuration. The peak around 3.2 Hz is the resonance frequency of the elastomeric mechanical decouplers.
where t is the time spent in measuring the noise on each phase configuration, S is the scan step size expressed in degrees, N is the number of active PTs, and d (0.16 · S) sec is a coefficient taking into account the delay introduced by the algorithm dead times. Notice that n p is the number of possible phase shift configurations, while (N − 1) indicates the number of phase shift variables, varying in the range [-180
• , 180
• ] and referred to a reference PT. Since the reference PT does not need its working frequency to be ever modified, we choose PT (5) -which thermalizes 3 He/ 4 He mixture of one of the injection lines at 40 K and 4 K -as the reference PT. We take t = 47 sec, in order to acquire up to nine noise samples of 5 sec each, for each phase configuration.
T scan is the first, crucial parameter which constrains the applicability of this technique. Since we have enough cooling power to run the CUORE cryostat with only four active PTs out of five (see Sec. III ), we let N = 4. As shown in Tab. I, choosing S = 20
• we need about 3.5 days for a complete scan.
V. ANALYSIS
This analysis proceeds to find an optimal PT-phase configuration that minimizes the detector noise. Since CUORE is a 988-bolometers array, care must be taken to define what a unique "detector noise" parameter is in • increment. This results in a 3D phase space with a volume of 18 3 unique configurations.
the context of the PT-phase optimization process. In the following sections we describe the analysis method and guidelines for this process.
A. PT harmonics noise
For each channel, the noise contribution due to the PTs can be estimated by examining the intensity of the first ten 1.4 Hz harmonics f n = f 1 , f 2 , ..., f 10 with n = 1, ..., 10
in the Noise Power Spectrum (NPS) estimated for each detector from the acquired waveforms (Fig. 7) . The amplitude of the 1.4 Hz noise peak and its harmonics is measured for each CUORE bolometer as a function of the PhaseID. As an example, Fig. 8 shows the intensity of the 1.4 Hz peak in the NPS of one CUORE bolometer. It is possible to identify very distinct maxima and minima in the available phase space. A similar behavior is also observed in the higher harmonics of the 1.4 Hz peak (2.8 Hz, 4.2 Hz, 5.6 Hz, etc.).
B. Average Pulse Weighted Noise
Each phase configuration has a dwell time of 47 sec, collecting up to 9 valid, non-overlapping 5 sec waveforms for each bolometer. For any given waveform the peak amplitudes of the first 10 PT harmonics are computed (referred to as an NPS amplitude list). Each NPS amplitude list is mapped to the bolometer and phase configuration of the waveform used in its computation. As a result, each channel and phase configuration has a set of m different NPS amplitude lists, where m is the actual number of valid waveforms returned by the DAQ.
Each of the 10 values in an NPS amplitude list, denoted as
with i = 0, ..., m ≤ 9 n = 0, ..., 10 ph = 0, ..., 5831 ch = 1, ..., 988 (7) is corrected for the front-end gain of the electronics (G ch ), and subsequently weighted by the PS of the detector response to a signal event-like mono-energetic energy deposition, referred to as the average pulse (AP ch (f )), specific to each detector for a particular working point [15] . This suppresses the frequencies not present in the bolometer signal rather than assigning a uniform weight to all frequencies. As the bolometric signal is dominated by frequencies below 3 Hz, the importance of the lower harmonics of the PTs (1.4 Hz, 2.8 Hz) is largely enhanced with respect to the higher ones. Subsequently each of these AP-weighted NPS amplitude lists is summed over its 10 values to obtain a single value representing the AP-weighted 1.4 Hz response:
We denote any specific such AP-weighted noise value as: N (i) ph,ch , where ch is the CUORE bolometer channel (1-988), ph is the PT scan PhaseID (0-5831), and i ranges from 1 to m, being m the number of valid waveforms for each (ph, ch) pair.
After the AP-weighted sum process is completed, the median of the m N (i) ph,ch values for each (ph, ch) pair is taken to obtain the typical AP-weighted summed noise for each channel and for each phase configuration 4 :
This is referred to as unnormalized noise.
Channel absolute noise
For a given ch, the median of the N ph,ch distribution across all ph, namely N ch , is taken to create a set of typical channel noise values:
This is referred to as the channel absolute noise. This variable quantifies the impact of PT vibrations on the 4 The median is used to avoid sensitivity to outliers. NPS of a particular channel. Higher N ch will correspond to channels more influenced by PTs-induced noise. Generally, the behavior of the detector appears to be different on a channel by channel basis. The majority of the channels are distributed at low noise, with a tail of channels exhibiting up to two orders of magnitude higher absolute noise overall (see Fig. 9 ).
Normalized noise
For some detector channels which are weakly susceptible to PT-induced noise, there is the risk that small variation around a potential ph minimum in the unnormalized noise N ph,ch could be hidden by the large overall variation of the channels which are strongly susceptible to PT-induced noise.
A normalized quantity, N ph,ch , can be obtained by taking for each channel a subset of ph values which do not belong to the lower 2% and upper 2% of the N ph,ch=f ixed distribution and normalizing this to the range [0, 1] 5 . This quantity -referred to as normalized noise -is shown in Fig. 10 (a) . Changes in detector noise that are dependent upon phase configuration ph are noticeable after normalization in the form of vertical banding of high and low values.
C. Optimal phase configuration
The normalized noise N ph,ch allows comparison of channels in terms of their noise relative variations, regardless of having very different absolute noise levels. For a particular ph value, the distribution of normalized noise across all channels is examined and the median
is taken to represent the detector's typical normalized noise response to this particular phase configuration ( Fig.  10(b) ). Then the ph which returns the minimum N ph value is taken as the best phase configuration. threshold q corresponds to a point in the plot, identified by a subset of channels above threshold (x-axis) whose minimum normalized noise (z-axis) occurs at a particular phase configuration (y-axis). Points are colored by the minimum normalized noise value using the same color scale of Fig. 10(a) . (b) Projection of the previous plot onto the x-y plane. When considering more than ∼ 10% of the detector, only two phase configurations come out as optimal: ph =216 and ph =233. The inset zooms on the region where the change happens.
Threshold
In order not to be biased by a group of channels weakly affected by PT noise, care must be taken in selecting the channels on which the optimization process shall run. To iteratively remove channels from this computation, a threshold q is applied on the variable N ch introduced in Sec. V B 1 (see Fig. 9 ). Once a value of threshold q is fixed, a channel is not considered for the current iteration if N ch < q. Thus for a particular threshold q, the subset of M (q) < 988 detector normalized noise responses, N ph (q), is what is used for optimization. The optimization process then trims away the lowest 0.1% of the N ph (q) distribution and searches for the minimum of the remaining values. From here, the value of ph where the minimum occurs is identified as the best phase configuration for the particular subset of M (q) < M (q = 0) = 988 
-180
• +60
• -180
• 233 +160
• channels whose absolute noise N ch exceeds the threshold q.
The very first iteration of the optimization sets q = 0 and is indeed applied to the whole detector. The process is then repeated on progressively increasing thresholds and iterated until all channels are excluded by the threshold. Fig. 11 shows the results from this analysis. In the origin of the x-axis of the 3D plot in Fig. 11(a) , the threshold q is higher than the highest N ch . While q decreases, more channels are included into the computing of the optimal ph. Its value is more clearly visible from Fig.  11(b) . When considering a number of channels in the range 100-457, ph = 216 is favored; including a number of channels higher than 457, ph = 233 is mostly preferred. These two optimal PhaseIDs found by the analysis procedure translate in the real PT phase configurations shown in Tab The colored z-axis shows the number of PhaseID histograms per pixels. We see that a majority of phase configurations do have a few hundred channels with low noise but that there is a long tail typically to the fall off of noise. In contrast the two best performing PhaseIDs (233 in black and 216 in red) are at the top of the profile at the very lowest values and fall quickly to the lower edge of the profile as the noise bins increase in value. This is the response one might expect for configurations that minimize noise.
VI. RESULTS AND DISCUSSION
pled two by two in term of their positioning on top of the CUORE cryostat. The best relative phase configurations indicates that at the optimal working PT (2) and PT (4) are in phase, operating in opposition of phase with respect to PT (5) . Furthermore, PT (1) 's best phase occurs when it operates approximately in quadrature phase with respect to its nearest partner, PT (2) . In the best phase configuration, the active PTs cause destructive interference of the vibrations injected into the cryostat. Fig.  7 shows an example of the lowering of the PT peaks in the NPS of one of the CUORE channels using ph = 233. Fig. 12 shows the histograms of the PT absolute noise distribution for the two optimal PhaseIDs. Overlayed to these, the 2D distribution of phase configurations as a function of the number of channels and of the absolute noise is shown as a color map.
The PhaseID 216 (red) and 233 (black) histograms clearly lie out of the average trend, having the highest number of channels with lower noise and reducing the amount of channels with higher noise.
VII. CONCLUSIONS
We developed a technique to mitigate the effect of mechanical vibrations injected into a cryogen-free refrigerator by the simultaneous operation of more than one Pulse Tube cryocooler. We demonstrated that driving the PT rotary valves by means of external microstepping control devices intrinsically reduces the amount of vibration injected into the cryogenic system. Moreover, this allows the online change and stabilization of the phases of their driving signals, thereby providing an efficient handle to search for the phase configuration which minimizes the overall detector noise.
We implemented a PT phase scan technique and validated the stability and reliability performance of the control software. Furthermore, we developed a robust analysis method for finding minima and define an optimal working phase configuration.
This technique shows how the PT-induced noise can be suppressed on cryostats needing more than one PT cryocooler to be operated. Provided that the LDs have sufficient dynamic range, this method can be extended to any type of PT, such as HF-PT [16] or those driven by piston compressors [17] .
The active noise cancellation technique described in this paper is being applied to the CUORE PT cryocoolers during the data taking, whose first official data release can be found in [18] .
By addressing a long standing impediment to growth in the field, this method demonstrates that low temperature detector experiments are scalable to very large cryogenfree cryogenic infrastructures, opening the path for rare event searches with ton-scale bolometric detectors operated by cryogen-free refrigerators.
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